Therapeutic options for patients with multiple myeloma whose disease has relapsed after a prior auto-SCT include novel biologic therapies, traditional chemotherapy or a second transplant, with no clear standard of care. Few published studies address the safety and efficacy of a second auto-SCT for relapsed disease. We reviewed the Abramson Cancer Center experience with salvage auto-SCT for relapsed multiple myeloma. Forty-one patients had received a salvage auto-SCT at our institution; the median time between transplants was 37 months (range 3-91). The overall response rate in assessable patients was 55%, and treatment-related mortality was 7%. With a median follow-up time of 15 months, the median PFS was 8.5 months and the median overall survival (OS) was 20.7 months. In a multivariate analysis of OS, independent prognostic factors were X5 prior lines of therapy and time to progression after initial auto-SCT of p12 months. We conclude that in well-selected patients, salvage auto-SCT is safe and effective for relapsed myeloma.
Introduction
High dose melphalan and auto-SCT is currently a standard part of the initial line of therapy for eligible patients with multiple myeloma, based on two randomized trials demonstrating improved overall survival (OS) of auto-SCT versus conventional chemotherapy 1, 2 and a number of non-randomized comparative trials. 3, 4 Evidence also supports a tandem transplant approach, although the benefit of tandem transplantation may be restricted to those not achieving 490% cytoreduction after the first transplant. 5 Unfortunately, despite this success, nearly all patients will relapse and require salvage therapy.
The number of options for patients with relapsed multiple myeloma has increased significantly in recent years. Novel therapies include thalidomide, lenalidomide and bortezomib, which have been studied extensively in a relapsed setting as single agents, in combination with dexamethasone, and in combination with cytotoxic agents or with each other. 6 Salvage chemotherapy regimens such as vincristine, doxorubicin and dexamethasone (VAD) can also be an option for relapsed disease, though they have largely been replaced by novel agents in the front-line setting. Finally, a second transplant, whether autologous or reduced-intensity allogeneic, can also be used for relapsed disease. The efficacy of an auto-SCT in the salvage setting is unknown.
The available evidence regarding outcomes after salvage auto-SCT suggests that the procedure is safe and reasonably effective. [7] [8] [9] [10] [11] [12] [13] [14] [15] Reports of PFS after second salvage auto-SCT are variable and range from a median of 6.8 months to 4.2 years. 7, 11 Most studies have found that time to progression (TTP) after the first transplant, or alternatively the interval between the first and second transplants, is predictive of outcomes after the second transplant. However, many of these studies contain small numbers of patients and have variable duration of followup; the true benefit of salvage auto-SCT for myeloma is therefore not well defined.
We reviewed the experience of our center with salvage auto-SCT for relapsed multiple myeloma, both to augment the available literature and to determine the value of TTP after the initial transplant as a prognostic factor for superior outcome after salvage auto-SCT.
Patients and methods

Patients
At the University of Pennsylvania Abramson Cancer Center, approximately 550 auto-SCTs have been performed for multiple myeloma between 1991 and 2008. From a prospectively collected database, 41 were identified as being a salvage auto-SCT. These transplants occurred between July 1998 and December 2007. Retrospective analysis of this group of patients was approved by the University of Pennsylvania Institutional Review Board.
Definitions
A transplant was defined as 'salvage' if the patient had received a prior auto-SCT, and underwent a second auto-SCT after evidence of disease progression regardless of the number of prior lines of therapy since the first transplant. Patients who received a second transplant as part of a planned tandem transplant were excluded.
Definitions of response and disease progression were used according to the updated European Group for Blood and Marrow Transplantation criteria. 16 Response to transplant (whether initial or salvage) was defined as the change in disease burden as a result of the line of therapy, which could include both induction therapy as well as the transplant itself. A line of therapy was defined as one or more types or doses of treatment uninterrupted by disease progression, toxicity requiring change of therapy, or a period of observation. OS and PFS after transplant were measured from the day of infusion of stem cells (day 0).
Statistical analysis
Actuarial estimates of PFS and OS were estimated using the methods of Kaplan and Meier. The Cox proportional hazards model was used to perform univariate analyses of possible prognostic variables for PFS and OS, after confirming the proportionality of each variable using timedependent covariates. To determine which variables were independently prognostic for both PFS and OS, multivariate Cox analysis was then performed using backward stepwise selection methods to build parsimonious models. The log-rank test for equality of survivor functions was used to detect differences across ordered categories (for groups of patients with 0, 1 or 2 risk factors derived from the multivariate analysis of OS). All analyses were performed using Stata version 10.0 (StataCorp LP, College Station, TX, USA).
Results
Patient characteristics
Forty-one patients were included in this analysis. Demographic and clinical characteristics at diagnosis and at the time of the first auto-SCT are shown in Table 1 . The median age at diagnosis was 50 years (range 25-69).
Patients received a median of 1 line of therapy prior to and including the initial auto-SCT (range 1-5); the median time from diagnosis to initial auto-SCT was 9 months (range 4-48).
Initial auto-SCT All patients received the initial transplant using peripherally collected stem cells, which were mobilized using CY/ G-CSF (29 of 41) or G-CSF alone (9 of 41). Twelve patients (29%) had achieved a CR/VGPR (very good partial response) to the initial auto-SCT, and the overall response rate was 80%. Eighteen patients (44%) received maintenance therapy after initial auto-SCT, with either IFN or thalidomide. The median TTP after initial auto-SCT was 21 months (range 3-73).
Salvage auto-SCT Clinical characteristics of the patients at the time of salvage auto-SCT are shown in Table 2 . Median age at the time of salvage auto-SCT was 54 years (range 28-73). The median time from diagnosis to second auto-SCT was 49 months (range 12-108), and the median time interval between the first and second auto-SCT was 37 months (range 3-91). The median number of prior lines of therapy was 3 (range 1-10). Prior to the salvage auto-SCT, 19 patients (46%) had been treated with thalidomide, 9 (22%) with lenalidomide and 24 (59%) with bortezomib; five patients (12%) had received all three novel agents. Only 15 of 41 patients (37%) had responsive disease at the time of salvage auto-SCT.
Forty of 41 salvage transplants were performed using peripherally collected stem cells. Thirty-five of these used stored peripheral stem cells from the patient's initial collection, three were re-mobilized using G-CSF and two were re-mobilized using CY/G-CSF. Conditioning regimens used for the second auto-SCT included melphalan 200 mg/m 2 (29%), reduced dose melphalan (22%; 80-180 mg/m 2 ), TBI-based regimens (37%; 900-1200 cGy with melphalan 100-140 mg/m 2 or CY 120 mg/m 2 in one patient) and BU/CY (7%). Median creatinine was 1.0 (range 0.4-7.6), median albumin was 3.9 (range 2.5-5.0) and median b-2 microglobulin was 3.0 (range 1.6-12.2) in 16 patients for whom b-2 microglobulin was available.
Thirty-eight patients were assessable for response after the second auto-SCT. Of these, six (16%) achieved a CR/ VGPR, and the overall response rate was 21 of 38 (55%). Four patients died during the first 100 days (one of disease progression, three of toxicity), for a treatment-related mortality of 7%. Five patients received maintenance therapy, with INF, thalidomide or lenalidomide.
Thirteen of 41 patients had a TTP inversion (PFS after second auto-SCT was longer than TTP after first auto-SCT); in these 13 patients, the median increase in TTP was 5 months. Conditioning regimens for these 13 patients were well balanced and included melphalan 200 mg/m 2 (4 of 13), reduced dose melphalan (4 of 13), melphalan/TBI (4 of 13) and BU/CY (1 of 13). Only one of 13 patients who had a TTP inversion had received maintenance therapy after salvage auto-SCT, compared with four of 28 patients who did not have a remission inversion (P ¼ 0.54). No other clinical or treatment factors were identified that were predictive of TTP inversion.
With a median follow-up for all subjects of 15 months (range 1-91) after second auto-SCT, the median PFS after the second salvage auto-SCT is 8.5 months (range o1-55), and the median OS is 20.7 months (range o1-91; Figure 1 ). For all patients, with a median follow-up of 6.1 years since diagnosis, the median OS since diagnosis was 6.8 years.
Prognostic variables
Prognostic variables prior to the second auto-SCT which were examined for significance in univariate analyses include: age, response to initial auto-SCT, TTP after initial auto-SCT, time interval between the first and second transplants, number of prior lines of therapy, prior receipt of specific therapies (thalidomide, lenalidomide, bortezomib), responsive disease at the time of salvage transplant, abnormal cytogenetics, conditioning regimen, and pretransplant hemoglobin, creatinine, albumin and LDH. b-2 microglobulin was not informative because of a high percentage of missing values.
In univariate analysis, prior lines of therapy (X5 versus o5; P ¼ 0.001, Figure 2 ), prior thalidomide (P ¼ 0.06), prior lenalidomide (P ¼ 0.04), and lack of response to initial transplant (SD/PD versus CR/VGPR, P ¼ 0.02) were each predictive of a shorter PFS. In a multivariate model, prior lines of therapy and lack of response to initial transplant retained significance, but prior thalidomide and lenalidomide did not do so (Table 3) ; these were likely surrogates for prior lines of therapy. Age X65 years was also found to be a significant prognostic factor for PFS when controlling for other significant prognostic factors. In univariate analysis of OS, only prior lines of therapy (P ¼ 0.007, Figure 2 ) and TTP after initial transplant p12 months (P ¼ 0.04) were predictive of poor outcome. Both variables retained independent significance in a multivariate model (Table 3) . By categorizing patients into those who possessed zero, one or two of these adverse prognostic factors, three risk groups could be identified, with a median OS of 35, 14 and 3 months, respectively (P ¼ 0.0004 by log-rank test), and a median PFS of 11, 6 and 3 months, respectively (Po0.0001 by log-rank test; Figure 3 ).
Discussion
In our single center experience of 41 patients, salvage auto-SCT appears to be a safe and effective treatment for Table 3 Multivariate Cox regression models for PFS and OS after second auto-SCT
Variable
PFS model OS model
Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value relapsed multiple myeloma. The overall response rate of 55% in assessable patients and low rate of treatmentrelated mortality suggest a favorable risk/benefit profile. After a median follow-up of 15 months, the median PFS for all patients after salvage auto-SCT was 8.5 months. Other studies have reported higher estimates, 7, 8, 10, 12 but in the setting of salvage auto-SCT at the time of first relapse 10, 12 or with no data provided on the number of prior therapies. 7, 8 Our data suggest that receipt of multiple prior lines of therapy is a strong prognostic factor for poor outcomes, which would explain the more durable responses seen when salvage auto-SCT is used in patients without significant pre-treatment. In a recent small study describing patients with a greater degree of pre-treatment than our patient cohort (median six prior therapies versus median three, respectively), the median PFS was 6.8 months.
11
The number of prior lines of therapy (X5 vs o5) was the strongest predictor in multivariate models of both PFS and OS after salvage auto-SCT. This is likely a surrogate marker for the presence of chemoresistant disease or the persistence of residual toxicities from prior therapies. It can be noted that the presence of cytogenetic abnormalities at any time prior to salvage transplant was not predictive of either PFS or OS, and neither was the presence of responsive disease prior to transplant. Our study is the first to investigate the significance of the number of prior lines of therapy as a prognostic factor in salvage auto-SCT for myeloma, and this bears confirmation in additional series from other centers.
Time to progression after initial transplant was also independently predictive of OS, which is consistent with other previous reports of salvage auto-SCT. 7, 9, 10, 12, 15 Some studies have found that the interval between transplants is prognostic of OS. 11, 13, 14 This factor is likely a suboptimal surrogate for TTP after initial transplant, which in our study was not significantly associated with either PFS or OS in univariate or multivariate analyses. TTP p12 months after initial auto-SCT has also been shown to be predictive of shorter OS in a large group of patients with myeloma, suggesting that this factor is highly prognostic irrespective of subsequent therapies given at relapse. 17 A number of conditioning regimens were used for the salvage auto-SCT in our cohort: melphalan 200 mg/m 2 , reduced dose melphalan and TBI-based regimens were each used in 25-35% of patients in this cohort. (Only three patients received BU/CY.) The choice of conditioning regimen was made by the treating physician and was based in large part on age, comorbid disease, prior therapy and renal function. There was no difference in PFS or OS between patients who received reduced dose melphalan, full-dose melphalan or TBI-based conditioning, suggesting that salvage autologous transplant may still be effective in the setting of renal insufficiency or other comorbidities.
The limitations of this study include its retrospective nature, limited sample size and incomplete data on known prognostic factors such as b-2 microglobulin and cytogenetics. In the context of the available literature on salvage auto-SCT for multiple myeloma, however, this study does support the safety of salvage auto-SCT and confirms the importance of TTP after initial transplant as a prognostic factor.
The value of tandem transplantation when compared to single auto-SCT is controversial. Although a number of studies have shown improved PFS and OS after tandem transplantation, one recent study suggested superior outcome after single auto-SCT with thalidomide maintenance. 18 The results of that study are difficult to interpret, as has been discussed. 5 The relative merits of salvage auto-SCT at relapse, as compared with an upfront tandem transplant, are unknown. Preliminary results from a randomized trial of these two approaches show no difference in OS; however, longer follow-up is needed. 10 For patients who have already received a single auto-SCT, our data indicate that salvage auto-SCT is safe and may be reasonably effective.
We conclude that second salvage auto-SCT generally has a favorable risk/benefit profile in patients with relapsed multiple myeloma. Patients with two adverse prognostic factors (X5 prior lines of therapy and a TTP after initial transplant of p12 months) are unlikely to benefit significantly. Salvage auto-SCT should therefore be considered for appropriate patients with relapsed multiple myeloma.
